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(54) Vibration cancellation apparatus 



(57) The object of tlie present invention is to provide 
a compact vibration cancellation apparatus t>ased on a 
combination off air springs (11) and eledromagnetic 
actuators (1 2) witli smaller power capacity to enable the 
anti-vibration 1at)le (10) to be maintained in a level posi- 
tion even when the gravity of the anti-vibratk>n table (1 0) 
moves over a large distance caused by a movement off 
the objective equipment (A) on the table. 

A vibration cancellation apparatus for isolating floor 
vikxation or canceling vibration of the objective equip- 
ment (A) on a anti-vitxation table (10) comprises: at 
least three displacement sensors (12), acceleration 
sensors (13), levitation position control means» vibration 
canceling control means, and air spring actuators (1 1) 
for supporting four comers of said anti-vibration tatHe 
(10) by air pressure; wherein said air pressure in each 
of said air spring actuator (1 1) is controlled in response 
to a change of load weight which corresponds to a 
movement of gravity caused by nx^vement of said 
objective equipment (A) on said anti-vibration table (10). 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present Invention relates in general to vibration 
cancellation apparatus for isolating floor vibrations or 
canceling vibrations of the objective equipment thereon 
to affect the production yield or measurement precision 
thereof such as semicofxluctor fabrication devices and 
electron-miaoscopes. Particularly the invention relates 
to a vibration cancellation apparatus that provides a 
combined action of air springs and electromagnetic 
actuators, in which vertical sipport of load weights is 
primarily provided by air spring actuators* and fine con- 
trol of vibrations is primarily provided t>y electromag- 
netic actuators. 

Description of the Related Art 

Conventionally, vibratiorhsensitive equipment, such 
as electron-microecopes arxJ semiconductor fabrication 
equipments whose performances are adversely 
affected by vibrations, have been installed on the floor, 
by way of some vibration Isolation apparatuses such as 
air springs and rubber sheets. Replacing the conven- 
tional air springs and rubber-based arrangements as 
vibration isolation devices, high performance vibration 
cancellation apparatuses based on magnetic levitation 
have been developed. 

Also a combination of air springs and electromag- 
netic actuator is known for isolating floor vibrations and 
canceling vibrations of the objective equipment on a 
anti-vibration table. According to these apparatuses, 
tx>th air springs and electromagnetic actuators are used 
to actively control levitating positions and canceling 
vibrations in vertical direction. The objective equipment 
is supported on an anti-vibration table whose four cor- 
ners are supported by actuators conprislng air springs 
and electromagnetic actuators. TTiree proximrty sensors 
and three accelerometers are used to detect tat)le dis- 
placements and accelerations, and responding actions 
are applied quiddy through digital controllers to the neu- 
matic actuators and the electromagnetic actuators. 

In reviewing the existing techniques of canceling 
vibration control, based on a combination of air springs 
and electromagnetic actuators, when the gravity of the 
table moves by movement of the objective equipment 
placed on the anti-vibration table over a large distance, 
two methods of leveling the anti-vibration table may be 
considered: 

(1) To control the air pressures of the air springs 
actuators for leveling the taSoUe, or 

(2) To control the vertical positions of the table by 
operating the electromagnetic actuators for leveling 
the table. 



However, these approaches present the follcwing 
protilems. 

(1) Because of the slow response characteristics of 
5 air springs actuators, when the gravity of the tat)le 

moves at high velocities, they are not at>le to 
respond in a timely manners to keep the anti-vibra- 
tion table level; and 

(2) Although electromagnetic actuators are able to 
10 respond quickly for keeping ttie anti-vibration table 

level, it Is necessary to increase the capacity of the 
electromagnetic actuators such ttiat one of actua- 
tors can deal with the maximum anticipated load 
weight of the objective equipment, including ttie 

15 weight of the tat)le. Because, when the gravity of 
the objective equipment moves to a corner of the 
table, then one of the electromagnetic actuator 
nrijst siwort all of tfie weight for keeping the table 
level. Problems with this approach cause fliat the 

20 system cost becomes high and the system size 
becomes large. 

SUMMARY OF THE INVErn*ION 

25 It is ttierefbre an object of the present invention to 
provide a compact vbration cancellation apparatus 
k)ased on a combination of air springs and electromag- 
netic actuators witii smaller power capacity to enable 
the anti-vibration table to be maintained in a level posi- 

30 tion even when the gravity of the anti-vibration iatHe 
moves over a large distance caused by a movement of 
the objective equiprrient on the tat)le. 

According to ttie present invention, there is pro- 
vkied a vibration cancellation apparatus, comprising, at 

35 least three displacement sensors for detecting vertical 
positions and outputting displacement signals; acceler- 
ation sensors for detecting vertical accelerations of said 
anti-vitMBtion table and outputting acceleration signals; 
levitation position control means for said electromag- 

40 netic actuators according to first compensation drcuit 
output signals based on displacement signals from said 
displacement sensors, vibration canceling control 
means for said electromagnetic actuators according to 
second compensation circuit output signal based on 

45 acceleration signals from said acceleration sensors; 
and air spring actuators for SL¥)porting lour corners of 
said anti-vibration table by air pressure, said air pres- 
sure of each air spring actuator being independentiy 
acljustable by air pressure control means respectively: 

so wherein said air pressure in each of said air spring actu- 
ator is controlled in response to a change of load weight 
which corresponcte to a nrxjvement of gravity caused by 
movement of said objective equipment on said anti- 
vibration table. 

55 Accordingly, actions for maintaining the table level 
are provided by two separate control actions: one to 
control the electromagnetic actuators for the normal lev- 
itated position control of the table sensed by the dis- 
placement sensors; and another to control ttie air spring 
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actuators for the air pressure to maintain the tat)le level. 

According to the present invention* there is also 
provided a vitxabon cancellation apparatus according to 
daim 1, wherein said air pressures fbr said air spring 
actuators are adjusted according to position signals of s 
said objective equipment on said anti-vibration table, 
and said position signals are converted to sakJ an- pres- 
sure signals by feed fbrvvard controller. 

According to the present invention, there is also 
provided a vit>ration cancellation apparatus according to io 
daim 1 . wherein said acceleration sensors are installed 
in a location different from said electromagnetic actua- 
tors, and control means are used to convert detected 
signal into equivalent action point signal for controlling 
said electromagnetic actuators at the action-points. is 

The akx)ve and other objects, features, and advan- 
tages of the present invention v^ll become apparent 
from the fbliowing description when taken in conjunction 
with the accompanying drawings which illustrate a pre- 
ferred embodiment of the present invention by way of 20 
example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic elevation view of a vibration 25 
cancellation apparatus with a anti-vibration taSoUe having 
neumatic actuators and electromagnetic actuators. 

Figure 2 is a schematic block diagram of a first 
enrtxxliment of the anti-viknation system. 

Figure 3 is a detailed representation of the control 
drcuits for the system in the first embodiment.. 

Figure 4 is a schematic block diagram of a second 
embodiment of the anti-vibration system. 

Figure 5 is a detailed representation of the control 
drcuits fbr the system in the second embodiment 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

As shown in Rgure 1, the vibration cancellation 
apparatus comprises an anti-vitxation table 10. air 
spring actuators 11, electromagnetic actuators 12. 
acceleration sensors 13 and so on. The anti-vibration 
table 1 0 is for pladng an objective equipment A which is 
such equipment A as electron microscope or senvcon- 
ductor fabrication apparatus. The table 10 is supported 
at its four comers with air springs 11 operative in the 
vertical direction. The kxattom ends of the air springs 1 1 
are fixed on a common base 14 which is fixed to the 
installation floor. Acceleration sensors (hereinbeiow 
referred to as accelerometers) 13 are disposed on the 
lower side of the table 10 for detecting tiie acceleration 
of ttie table in vertical detection. 

As shown in Rgure 2. air springs 11A, 11B. 11C 
and 11D stpports the lour comers of the table 10. 
Three electromagnetic actuators 12A, 12B and 12C are 
placed in a different location from the locations of tiie 
accelerometers 13A. 13B and 13C which are active in 
the vertical direction. A displacement sensor is provided 



within each of tiie electromagnetic actuators 12A, 12B 
and 12c for detecting the displacement of the table in 
vertical direction. 

The control method for isdating floor vibrations and 
canceling vibrations of the objective equipment will be 
described as follows with reference to Figures 2 and 3. 
Displacement signals generated by the displacement 
sensors in each of the electromagnetic actuators 12A, 
12B and 12C are fbnwarded to a contrdler section 20 
and are compared with target levitation positions (nor- 
mal levitation position without vibrations). The differ- 
ence between the target values and the current values 
are compared by the comparator 21 , and the difference 
signal is fbnwarded to the position compensation device 
22. which outputs a compensation signal so as to levi- 
tate the table 10 at the target position by the electro- 
magnetic actuators. The compensation signal after 
t>eing amplified in an electrical amplifier 23. is supplied 
to the respective coils of the electromagnetic actuators 
12A. 12Band12C. 

The acceleration signals in the vertical direction 
deted by the accelerometers 13A-C are fonwarded to 
the controller 20. and integrated in the integrator 25 to 
be converted to velocity signals. The vetodty signals are 
multiplied t>y their respective gain coefficients Kw to t>e 
compensation signals fbr canceling vibrations detected 
t>y the accellometers. and are added in tiie ^er 24 to 
position compensation signals output from the position 
compensation device 22. These signals are amplified in 
tiie amplifier 23. and are supplied to the respective coils 
of the electromagnetic actuators 12A, 12B and 12C. 

Position compensation signals outputted by posi- 
tion compensation device 22 t)ased on the current posi- 
tions of the tak)le 1 0 in vertical direction are fonwarded to 
pressure control devices for contrdling air pressure of 
tiie air springs. The position compensation signals are 
forwarded to a control output distributor 31 , and are con- 
verted to equivalent pressure control signals for the on- 
sito air springs to levitato the table 10 at the target posi- 
tion are multiplied by a gain coeffkient KAP and are 
added to the target pressure value in the adder 25. The 
air pressures in the springs 11A, 11B, 11C and 11D 
communicating with an air supply souce are adjusted 
through a regulator 33 to correspond with the output sig- 
nals of position corrpensation device 22. The table 10 is 
kept level in the target levitation position by adjustment 
in the air pressures, eventhough the load weight is 
changed at each air spring of four comers. 

Therefore, when an objective equipment A. placed 
on the tatHe 10, is stationary in a certain location near 
the center of the table 10. the applied load weight is 
supported primarily by the air springs 11 A, 11B, 11C 
and 1 1 D by setting the pressure at appropriate values, 
and the electromagnetic actuators 12A. 12B and 12C 
do not substantially take part in sharing the applied load 
weight. This condition represents the nomial condition 
for these electromagnetic actuators, and any deviations 
from ttie normal condition caused by vibrations are 
sensed by ttie accelerometers, and are conpensated 
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under the control of the controller section 20 (second 
compensation circuit). 

When the objective equipment A moves over a 
large distance on the anti^vibFation tal3le 10» then the 
gravity of the table 10 nrxsves at a distance causing a 
change of the load weight among the air springs 11 A. 
11B, lie and 11D, and displacements in the vertical 
direction are changed among displacement sensors. At 
this time, so as to keep the tatsle 10 in a normal level 
position, the control forces for leveling the table must be 
increased. The magnitude of the changes in the control 
forces appear as the output signals of the position com- 
pensation device 22 derived from displacement sensor 
signals, and they correspond to control force parame- 
ters for the air pressures in the air springs 11 A, 11 B, 
1 1 C and 1 1 D. The output signals from the position com- 
pensation device 22 are used to alter the pressures in 
the air springs via transforming data between the posi- 
tions off displacement sensors and air springs. Namely, 
the output signal of the position compensation device 
21 is inputted to adder 25 via control output distributor 
31. The air pressures are adjusted according to a 
changing situation of load weight by each of the air 
springs to keep the table 10 In a level position. 

Therefore, even if the objective equipment A moves 
through a large distance and the gravity of the tat)le 10 
moves at a large distance, the required changes in the 
respective load weight from the normal condition are 
compensated together tsy the levitation position control 
action of the electromagnetic actuators arxJ by the air 
pressure control action of the air springs. The levitation 
position control action by the electromagnetic actuators 
provides high speed and precise response for leveling 
tiie table, and tiie air pressure control action l^y the air 
springs provides no consumption of electric power to 
support substantially full load weights even though the 
response is stow. Therefore two kinds of control actions 
work oomplementatily with each other. In otiier words, 
even relatively low power capacity off electromagnetic 
actuators are sufficient to provide the necessary com- 
pensation cunents for keeping the tak}le 10 level when 
the gravity moves at a distance. 

Rgure 3 shows the details of a control circuit bUxk 
diagram presented in Rgure 2. 

The acceleration values in the vertical direction of 
the table 10 detected by tiie accelerometers 13A. 138 
and 13C, are different from the actual action points 
where the actuations are applied to. Therefore, the out- 
put values from the accelerometers 13A. 138 and 13C 
are inputted into acceleration point transformation 
device 29 transforming the acceleration value from the 
detected point to the action point 

The output signals from the acceleration point 
transformation device 29 for each off the electromag- 
netic actuators12A, 128 and 12C are inputted into 
respective controllers 20A, 208 and 20C for ttie electro- 
magnetic actuators 12 A. 128 and 12C. The output sig- 
nals from ttie displacement sensors, housed in the 
electromagnetic actuators 12A. 128 and 12C, are also 



inputted Into the corresponding control circuits 20A, 208 
and 20C. The displacement signals are inputted into the 
respective adders 21 A, 218 and 21 C, and are com- 
pared witti the target levitation values. The difference 

5 value between the target and current values are input- 
ted into in the individual position compensation device 
22A, 228 and 22C. Their output signals are inputted into 
ttie adders 24A, 248 and 24C for the electromagnetic 
actuators, as well as to the control output distrlt)utor 31 

10 of the pressure control device for the air springa 

Like as in the case of the acceleration point trans- 
formation device 29, because of the difference in ttie 
respective points between the measuring sensors and 
on-site air actuators of the air springs, ttie control output 

IS distributor 31 is used to convert the measured displace- 
ment signals to actuation-point control signals required 
by the air actuators. In the adders 24A, 248 and 24C, 
vibration compensation signals (which is computed by 
integrating the acceleration signals from ttie accelerom- 

20 eters and multiplying the integration result by a coeffi- 
cient Kw) are added to position compensation signals 
from the displacement sensors. The added results (sig- 
nals) are amplified in ttie respective amplifiers 23A. 238 
and 23C. and are supplied as excitation cunrent to the 

25 windings of the respective electromagnetic actuators 
12A, 128 and 12C.. The result is that the electromag- 
netic actuators 12A. 128 and 12C perform high preci- 
sion vitKab'on canceling control as. well as keeping 
levitation position of the table 10 to rts target position 

30 with high speed response. 

In the meantime, the compensation signals for the 
air springs, based on the displacement signals from the 
displacement sensors, are multiplied with a coefficient 
K/vp after the control output distributor 31 andareinput- 

35 ted into the adders 25A, 258. 25C and 25D, where they 
are added on ttie target values of the air pressure set- 
tings, and the regulator valves 33A, 338, 33C and 33D 
of the regulator 33 are adjusted according to the results 
of the added process. 

40 The air pressures supplied from the air pressure 
supply source are thus adjusted and applied to each of 
ttie air springs 11A, 118, llCand 11D. so that, even if 
the load weight for the air springs is cfianged. the table 
10 can be maintained level. The position adjustment 

45 action by air pressure control is a comparatively slow 
response, but the electromagnetic actuators have 
already been used to provide high speed compensation 
to the changes in the levitation forces so that ttie overall 
system response is quite superior to any results 

50 obrtained by the conventional schemes for leveling com- 
pensation. 

Rgures 4 and 5 show outiine of the control system 
of a second embodiment and its detailed circuit configu- 
ration, respectively. Vbration-sensitive objective eqiip- 
55 ment is placed on the anti-vibration table which is 
supported In the vertical direction at its four corners with 
air springs 1 1 and rapid position acQustment is provided 
by electromagnetic actuators as in the first embodiment. 
The anti-vibration taSoUe 10 is similarly provided wHh 
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accelerometers, and canceling vibration control is pro- 
vided by the electromagn^ic actuators as in the first 
embodiment. The displacement signals generated by 
the displacement sensors housed in the electromag- 
netic actuators are inputted to the position corrpensa- 
tion device 22. and are supplied as excitation current to 
the coils of the electromagnetic actuators through 
power amplifiers 23 to adjust the levitation position of 
the anti-vibration table so as to keep the table level. 

Also, air pressure control mechanism is the same, 
by using the air springs 11A, 11B, 11C, and 11D dis- 
posed at four comers of the table 10 to support load the 
weight of the table including objective equipment, and 
adjustment in the air pressures is used to maintain level 
position of the tak)le. The difference in the second 
embodiment is that an objective equipment location 
controDer 35 is provided on the tatiie 10 to control the 
planar position off the objective equipment A. This con- 
troller 35 is a controller such as using an X-Y stage on 
the table, for example, for moving the objective equip- 
ment A in orthogonal directions, and producing X-posi- 
tion signals and Y position signals according to the 
moving position of the objective equipment A in the X- 
and Y directions. The oonvnand signals for moving the 
object A is generated tiy the controller 35 arxJ are for- 
warded to the air pressure control device 36. The values 
of the air pressures necessary for maintaining the table 
10 level are computed t>y the feed fbrorard (FF) control 
device 36, and these values are added to the pressure 
settings and the pressures in the air springs are 
^justed through the regulator 33. 

Therefore, even if the objective equipment A is 
moved at some distance, this movement signal is out- 
putted by the objective equipment location controller 35 
and the on-site compensation of air pressures to corre- 
spond with the amount of gravity movement are com- 
puted by the feed fonvard (Ff=) compensation device 36. 
and the air pressures in the air springs are adjusted 
accordingly. The air pressures are acQusted according 
to corrpensate the change of load weight in the air 
springs, and the table 10 is maintained level. Also, if the 
table 10 is moved at a distance, tiie displacement sen- 
sors housed in each of the electromagnetic actuators 
12A, 12B and 12C detect the vertical (fisplacement val- 
ues. The action-point values for the electromagnetic 
actuators 12A, 12B and 12C are computed by position 
corrpensation device 22. and are supplied as excitation 
currents to the coils of the actuators to keep the tat)le 1 0 
rapidly to the normal levitation position. By using the 
combined controls of electromagnetic actuator adjust- 
ments based on displacement signals together with air 
pressure adjustments in the air springs, the levitation 
position adjustments by the electromagnetic actuators 
can be carried out very rapidly while the level mainte- 
nance action by the air springs can be carried out with- 
out consuming electric power. The overall response of 
the system is quite good, and leveling the table can be 
carried out witii high speed response by the electro- 
magnetic actuators and without increasing the con- 



sumption of tiie electrical power by the air springs. 
Therefore, even if the center of gravity of the table is 
moved over a large distance by moving the object A, the 
anti-vibration table can be kept in a level position without 
5 increasing the electrical capacity of the electromagnetic 
actuators. 

It shoukJ be noted tiiat the canceling vibration con- 
trol process was illustrated by a feedt>ack process of 
integrating the acceleration signals and multiplying the 

10 integral t>y a gain coeff icient, however, it is also possible 
to further add the acceleration signals for feedback of 
total sum data. Also, tfvee electromagnetic actuators 
and accelerometers were used in the embedment, but 
any number of such devices may t>e used depending on 

IS the need of the system. 

It has t>een demonstrated that by utilizing either tiie 
output signals from the compensation circuit t>ased on 
tiie cfisplacement sensor signals for levitation position 
control of the anti-vibration tak3le housed in aocelerome- 

20 ters. or the output signals from the FF compensation cir- 
cuit based on ttie planar position signals for tiie 
objective equipment placed on the anti-vibration tat)le, it 
is possible to adjust the air pressures in the air springs 
supporting the comers of the anti-vitnation table. There- 

25 fore, even if the center of gravity of the objective equip- 
ment on the table move over a large distance, the tattle 
is held approximately in tiie target level position. There- 
fore, the electromagnetic actuators are used primarily to 
provide rapid restoration of the anti-vibration table to tiie 

30 target levitatfon position, and to provide anti-vibration 
control actions based on acceleration data, so that the 
capacity of electromagnets needed to perform overall 
vibration control does not have to t>e increased exces- 
sively. 

35 Atthough a certain preferred embodiment of the 
present invention has been shown and described in 
detail, rt should be understood tfiat various changes and 
modifications may be made therein without departing 
from the scope of the appended claims. 

40 According to its broadest aspect tfie invention 
relates to a vibration cancellation apparatus for a anti- 
vibration table, corrprising: 

displacement sensors for detecting vertical posi- 
45 tions and outputting displacement signals; 

acceleration sensors for detecting vertical accelera- 
tions of said anti-vik>ration table and outputting 
acceleration signals; arxJ 
levHation position control means; and 
50 a vil>ration cancellation apparatus for isolating floor 
vibration or canceling vitxation of tiie objective 
equipment on a anti-vibration tat)le. based on a 
combined action of air springs and electromagnetic 
actuators, corrprising: 

55 

displacement sensors for detecting vertical 
positions arxJ outputting displacement signals; 
acceleration sensors for detecting vertical 
accelerations; and 
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vibration canceling control means. 

Claims 

1 . A vibration cancellation apparatus for isolating floor s 
vibration or canceling vbration of the objective 
equipment on a anti-vibration table, based on a 
combined action of air springs and electronnagnetic 
actuators, comprising: 

10 

at least tfiree displacement sensors for detect- 
ing vertical positions and outputting displace- 
ment signals: 

acceleration sensors for detecting vertical 
accelerations of said anti-vibration table and is 
outputting acceleration signals; 
levitation position control means for said elec- 
tromagnetic actuators according to first com- 
pensation circuit output signals based on 
displacement signals from said displacement 20 
sensors, 

vibration canceling control means for said elec- 
tromagnetic actuators according to second 
corrpensation drcuit output signal based on 
acceleration signals from said acceleration zs 
sensors; and 

air spring actuators for supporting fbur corners 
of said anti-vibration table by air pressure, said 
air pressure of each air spring actuator being 
independentiy adjustable by air pressure con- 30 
trol means respectively; 

wherein said air pressure in each of said 
air spring actuator is controlled in response to a 
change of load weight which corresponds to a 
movement of gravity caused by nrx3vement of as 
said objective equipment on said anti-vibration 
table 

2. A vibration cancellation apparatus according to 
datm 1 , wherein said output signals from said first 40 
corrpensation circuit based on dsplacement sig- 
nals, are supplied to control output di^ributor, and 
converted to air pressure signals to each off said air 
spring pressure control means. 

45 

3. A vibration cancellation apparatus according to 
daim 1, wherein said air pressures for said air 
spring actuators are adjusted according to position 
signals of said ok)jective equipment on said anti- 
vibration tal)le, and said position signals are con- so 
verted to said air pressure signals tiy feed fooMard 
controller. 

4. A vibration cancellation apparatus according to 
daim 1, wherein said acceleration sensors are ss 
installed in a location different from sakJ electro- 
magnetic actuators, and control means are used to 
convert detected signals into equivalent action 
point signals for controlling said electromagnetic 



actuators at tiie action-points. 

5. A vibration cancellation apparatus for a anti-vibra- 
tion table, comprising: 

displacement sensors for detecting vertical 
positions and outputting displacement signals: 
acceleration sensors for detecting vertical 
accelerations of said anti^vixation tat)le and 
outputting acceleration signals; and 
levitation position control means. 

6. A vitmtion cancellation apparatus for isolating floor 
vibration or canceling vibration of the objective 
equipment on a anti-vibration table, based on a 
combined action of air springs and electromagnetic 
actuators, comprising: 

displacement sensors for detecting vertical 
positions and outputting displacement signals; 
acceleration sensors for detecting vertical 
accelerations: and 
vibration canceling control meansw 
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